Th e structure of species interaction networks is important for species coexistence, community stability and exposure of species to extinctions. Two widespread structures in ecological networks are modularity, i.e. weakly connected subgroups of species that are internally highly interlinked, and nestedness, i.e. specialist species that interact with a subset of those species with which generalist species also interact. Modularity and nestedness are often interpreted as evolutionary ecological structures that may have relevance for community persistence and resilience against perturbations, such as climate-change. Th erefore, historical climatic fl uctuations could infl uence modularity and nestedness, but this possibility remains untested. Th is lack of research is in sharp contrast to the considerable eff orts to disentangle the role of historical climate-change and contemporary climate on species distributions, richness and community composition patterns. Here, we use a global database of pollination networks to show that historical climate-change is at least as important as contemporary climate in shaping modularity and nestedness of pollination networks. Specifi cally, on the mainland we found a relatively strong negative association between Quaternary climate-change and modularity, whereas nestedness was most prominent in areas having experienced high Quaternary climate-change. On islands, Quaternary climate-change had weak eff ects on modularity and no eff ects on nestedness. Hence, for both modularity and nestedness, historical climate-change has left imprints on the network structure of mainland communities, but had comparably little eff ect on island communities. Our fi ndings highlight a need to integrate historical climate fl uctuations into eco-evolutionary hypotheses of network structures, such as modularity and nestedness, and then test these against empirical data. We propose that historical climate-change may have left imprints in the structural organisation of species interactions in an array of systems important for maintaining biological diversity.
Th e structure of species interaction networks is important for species coexistence, community stability and exposure of species to extinctions. Two widespread structures in ecological networks are modularity, i.e. weakly connected subgroups of species that are internally highly interlinked, and nestedness, i.e. specialist species that interact with a subset of those species with which generalist species also interact. Modularity and nestedness are often interpreted as evolutionary ecological structures that may have relevance for community persistence and resilience against perturbations, such as climate-change. Th erefore, historical climatic fl uctuations could infl uence modularity and nestedness, but this possibility remains untested. Th is lack of research is in sharp contrast to the considerable eff orts to disentangle the role of historical climate-change and contemporary climate on species distributions, richness and community composition patterns. Here, we use a global database of pollination networks to show that historical climate-change is at least as important as contemporary climate in shaping modularity and nestedness of pollination networks. Specifi cally, on the mainland we found a relatively strong negative association between Quaternary climate-change and modularity, whereas nestedness was most prominent in areas having experienced high Quaternary climate-change. On islands, Quaternary climate-change had weak eff ects on modularity and no eff ects on nestedness. Hence, for both modularity and nestedness, historical climate-change has left imprints on the network structure of mainland communities, but had comparably little eff ect on island communities. Our fi ndings highlight a need to integrate historical climate fl uctuations into eco-evolutionary hypotheses of network structures, such as modularity and nestedness, and then test these against empirical data. We propose that historical climate-change may have left imprints in the structural organisation of species interactions in an array of systems important for maintaining biological diversity.
Th ere is no universal consensus on the causes of biogeographical variation in species richness (Rahbek et al. 2007 , Nogu é s-Bravo et al. 2008 , Sutherland et al. 2013 . One issue of current debate is the extent to which historical climate-change off ers a complementary explanation to contemporary climate in explaining contemporary patterns of species richness and community composition (Fjelds å et al. 1999 , Dynesius and Jansson 2000 , Jetz et al. 2004 , Rahbek et al. 2007 , Svenning and Skov 2007 , Ara ú jo et al. 2008 , Hortal et al. 2011 , Sandel et al. 2011 . Species, however, are not only aff ected by environmental conditions, they also evolve entangled in networks of interactions with other species Jordano 2007, Olesen et al. 2007 ). Th erefore, understanding how structures of species interaction networks are shaped and persist under fl uctuating climates is crucial for predicting the consequences of environmental perturbations on ecological communities (Ings et al. 2009 ).
Modularity and nestedness are two network structures that may be important for community stability and biodiversity maintenance. Modularity describes whether a network is partitioned into weakly linked subgroups of species that are internally highly interlinked (Newman 2004 , Olesen et al. 2007 , Th é bault and Fontaine 2010 , Tylianakis et al. 2010 , Stouff er and Bascompte 2011). Nestedness describes a structure where specialist species interact with a subset of those species with which generalist species also interact (Bascompte and Jordano 2007 , Fortuna et. al. 2010 , Th é bault and Fontaine 2010 , Tylianakis et al. 2010 . Both structures are hypothesized to be a consequence of the evolutionary and ecological processes that shape the interaction patterns among species (Bascompte and Jordano 2007 , Olesen et al. 2007 , Krasnov et al. 2012 , Mart í n Gonz á lez et al. 2012). Modularity and nestedness are widespread structural features in ecological systems; for instance, modular and nested structures are found in bacteria -phage networks, food-webs, and antagonistic and mutualistic networks (Olesen et al. 2007 , Fortuna et. al. 2010 , Tylianakis et al. 2010 , Flores et al. 2011 , Stouff er and Bascompte 2011 , Krasnov et al. 2012 , Mart í n Gonz á lez et al. 2012, Tr ø jelsgaard and Olesen 2013). Among mutualistic systems, pollination networks are particularly well studied and we now know that pollination networks often are modular and nested; specifi cally, modularity tends to prevail towards the tropics and in areas of high contemporary precipitation, whereas nestedness is especially pronounced in drier habitats (Olesen et al. 2007 , Dupont et al. 2009 , Fortuna et. al. 2010 , Tr ø jelsgaard and Olesen 2013 . Despite its potential importance, and in contrast to research into the causes of species richness and biotic specialization (Dynesius and Jansson 2000 , Jetz et al. 2004 , Rahbek et al. 2007 , Svenning and Skov 2007 , Ara ú jo et al. 2008 , Dalsgaard et al. 2011 , Hortal et al. 2011 , Sandel et al. 2011 , Schleuning et al. 2012 , it is unknown whether historical climate-change aff ects modularity and nestedness of pollination networks.
Why may historical climate-change off er an alternative, or complementary, hypothesis to contemporary climate in predicting the level of modularity and nestedness? Species may respond diff erently to climate-change, which, at a given locality, might disrupt species interactions through changed phenology and geographical distributions of species (Memmott et al. 2007 , Tylianakis et al. 2008 , Devoto et al. 2009 , Mart í n Gonz á lez et al. 2009 , Amano et al. 2010 , Gilman et al. 2010 , Lorenzen et al. 2011 . Although these changes may occur over many diff erent timescalesranging from short-term intra-annually variation to deep historical timescales -the strongest and most important climatic shifts in the Quaternary (last 2.6 million yr) are the repeated oscillations between glacial cold maxima and warm interglacials. Th e most recent is that between Last Glacial Maximum (LGM; 21 000 yr ago) and the present, one of the strongest oscillations but with similar spatial pattern to the preceding oscillations (Ruddiman 2001 , Jansson 2003 . Th is recent glacial-interglacial shift has, for instance, been shown to aff ect range-size dynamics and associated biogeographical patterns of species endemism for an array of taxa (Jansson 2003 , Ara ú jo et al. 2008 , Hortal et al. 2011 , Sandel et al. 2011 . Arguably, species assemblages in areas having experienced vast historical climate fl uctuations may therefore be expected to have experienced a large turnover in species composition, phenological shifts and species interactions. Th us, in areas climatically unstable since the LGM, species assemblages often consist of widespread species that may have co-occurred for a shorter time. In accordance with this, strong Quaternary climate-change has been shown to decrease specifi city in plant -hummingbird networks (Dalsgaard et al. 2011 , although see Schleuning et al. 2012 for pollination networks), but the consequences for modularity and nestedness are unknown. As the modular structure of pollination networks may partly refl ect aggregates of co-evolutionary units of plant and animal species specializing upon each other (Olesen et al. 2007 , Mart í n Gonz á lez et al. 2012), we propose that modularity may diminish in assemblages having experienced considerable Quaternary climatechange. Specifi cally, we hypothesize that modularity either decreases linearly with increasing historical climate-change or only decreases at high historical climate-change values as a certain threshold might be needed before an eff ect is detectable in modularity level. In contrast, we anticipate that nestedness shows opposite geographical patterns to modularity (Tr ø jelsgaard and Olesen 2013), especially with respect to historical climate-change, as the consequence of modularity and nestedness on community stability are inversely related (Th é bault and Fontaine 2010). Accordingly, we anticipate that nestedness may increase when the rate of Quaternary climate-change increases. As Quaternary climate-change has small eff ects on island assemblages compared to the stronger eff ects observed on mainland (Kissling et al. 2012 ) and because pollination network characteristics diff er between mainland and island systems (Olesen and Jordano 2002) , we hypothesize that Quaternary climate-change eff ects on modularity and nestedness may be pronounced in mainland networks but less so, or even non-existing, in island networks.
Our objective with this paper is to highlight the value of historical climate-change as a potentially important determinant of ecological network complexity, such as modularity and nestedness. Specifi cally, we link macroecology and network analysis to determine whether historical climate fl uctuations may diminish the modularity and increase the nestedness of species interaction networks using a global database of pollination networks and simulations of past climatic conditions for the last 21 000 yr. We test this both for the global dataset while accounting for insularity, and separately for mainland and island networks. In all cases, we also accounted for variation in contemporary climate and species richness. We found a relatively strong negative association between Quaternary climate-change and modularity on the mainland, whereas Quaternary climate-change had less eff ect on modularity on islands. Nestedness was on the mainland most pronounced in areas having experienced high Quaternary climate-change, while on islands Quaternary climatechange had no eff ects on nestedness. We place our results in an evolutionary-ecological history context and discuss the implications to the stability and persistence of pollination networks. Finally, we discuss potential future directions for how such an interdisciplinary research approach can provide new insights into the understanding of historical legacies in network structures in an array of ecological systems important to the maintenance of biodiversity.
Methods
Th e proposed approach for linking macroecology and species interaction network analysis requires four steps: 1) construction of species interaction networks, 2) calculation of metrics describing network structure, in this instance level of modularity and nestedness, 3) estimation of historical climate-change and contemporary climate variables for each study locality, and 4) use of conventional regression analysis and -if signifi cant spatial autocorrelation remains in regression residuals -spatial regression analysis to examine the relationship between network structure and climate estimates. We applied this approach using the global database of fl ower visitation (hereafter ' pollination ' ) networks as published in Olesen et al. (2007) and Tr ø jelsgaard and Olesen (2013) . Th is database consists of 54 pollination networks each sampled within a given locality. Th e networks include all observed fl ower visitation events irrespectively of taxonomy, i.e. they are all community-wide pollination networks. Twenty-three networks have a mainland origin and thirty-one networks are from insular environments (Fig. 1) . We classifi ed Australia as an island in accordance with previous analysis examining eff ects of historical climate-change on contemporary patterns of community composition (Jansson 2003) .
Species interaction networks
In pollination networks, a plant and a pollinator species are linked if fl ower visitation is observed. Th e resulting pollination network illustrates the interaction pattern of an entire assemblage of plants and their animal pollinators. Th is network may be analysed as a matrix of size P ϫ A, where P is number of plant species and A is number of animal species. For binary networks as used in this study, this matrix consists of P ϫ A elements of 1 if an animal species and a plant species interact, and 0 if they do not interact.
Modularity and nestedness analysis
Th e level of modularity M of each pollination network was calculated using an algorithm based on simulated annealing as implemented in the software developed by Guimer à and Amaral (2005a, b), often termed the SA method (Olesen Figure 1 . Global geographical patterns of (a) modularity and (b) nestedness in pollination networks and temperature-change velocity since the Last Glacial Maximum (21 kyr). Th e colours of fi lled circles illustrate the level of modularity and nestedness for each network (colour scale at the left). Th e grey-shading of the background illustrates temperature-change velocity; dark shading depicts climatically stable areas compared to light shaded high velocity areas (grey-shaded scale at the left). Note that the level of modularity overall is lowest in the climatically unstable North America and low-laying part of northern Europe as well as on islands (apart from the highly species-rich Japanese networks), whereas nestedness tends to show the opposite geographical pattern to modularity.
Statistical analysis

Sampling bias and species richness
Modularity M and nestedness NODF are some of the network structures which seem to be least aff ected by sampling bias (Rivera-Hutinel et al. 2012) . However, to ensure that any potential relationships between modularity/nestedness and climate predictors (historical climate-change and contemporary climate) were not caused by diff erences in sampling along the climate gradients, we tested whether sampling extent (observational area), and sampling eff ort (number of observation days and hours) changed signifi cantly along the climate gradients (for details about sampling, see Tr ø jelsgaard and Olesen 2013). Neither sampling extent nor eff ort correlated signifi cantly (p Ͼ 0.05) with any climate gradients, so sampling bias could not have driven any detected relationship between climate and modularity/nestedness. On the other hand, modularity M was positively related to species richness (p Ͻ 0.05) and nestedness NODF was negatively related to species richness (p Ͻ 0.05), and species richness was therefore included as a predictor of modularity M and nestedness NODF. In all analyses, species richness was Log 10 -transformed.
Historical climate-change and modularity/nestedness
To test our hypothesis that either modularity M decreases linearly with increasing historical climate-change or only decreases at high historical climate-change values, for each of the four historical climate predictors we conducted the model selection analyses based on information theory outlined in Diniz-Filho et al. (2008) . First, we used Δ AIC c Ͻ 2 to identify minimum adequate models (MAMs) among all possible model combinations of the included explanatory variables, i.e. velocity, velocity 2 , contemporary precipitation, contemporary temperature, species richness and insularity (Table 1) . We identifi ed MAMs both for the global dataset (n ϭ 54), and separately for the mainland networks (n ϭ 23) and the island networks (n ϭ 31). Insularity was only included as an explanatory variable in the fi rst case, whereas species richness and contemporary climate (temperature and precipitation) were considered in all cases. Th erefore, for the global dataset we tested which of 63 alternative models were performing the best, and for the analysis of mainland and island networks separately we tested which of 31 alternative models were best (Table 1 -2) . Th e standardized regression coeffi cients are reported for both ordinary least squares (OLS) regression and spatial eigenvector mapping (SEVM) modelling, and reported for both an averaged model based on weighted w i and minimum adequate models (MAMs) (Diniz-Filho et al. 2008) . We tested whether signifi cant positive spatial autocorrelation remained in model residuals (i.e. whether p Ͻ 0.05 in all distance classes, tested using 10 distance classes and applying a permutation test with 10 000 iterations). For each MAM, partial regression analysis based on OLS and SEVM modelling was used to partition the variation explained by historical climate-change versus contemporary climate (temperature and precipitation), species richness and insularity (Rangel et al. 2010 ). We conducted the same analyses for nestedness NODF, testing whether nestedness NODF increases linearly with increasing historical climate-change or only increases at high historical climate-change values. All analyses were conducted using the et al. 2007). Th is algorithm was designed for unipartite networks, and it identifi es modules consisting of nodes (i.e. species) having most of their links within their own module and few links to species in other modules (Newman 2004 , Olesen et al. 2007 , Th é bault 2013 . Th e level of modularity M ranges from 0 to 1; higher values indicate more distinct modules (for further explanation, see Amaral 2005a, b and Olesen et al. 2007) . Th e level of nestedness NODF (nestedness based on overlap and decreasing fi ll) of each network was calculated using the software ANINHADO ver. 3.0.3 (Almeida-Neto et al. 2008) . NODF ranges from 0 to 100; values increase with level of nestedness. All modularity and nestedness values included in our analysis originate from Olesen et al. (2007) and Tr ø jelsgaard and Olesen (2013) . In all analyses, modularity M was untransformed and nestedness NODF was Log 10 -transformed. Modularity M and nestedness NODF were inversely correlated (R 2 ϭ 0.44, Dutilleul ' s p Ͻ 0.05).
Quaternary climate-change and contemporary climate
We tested the relationship between modularity/nestedness and two summaries of historical climate-change predictors: 1) velocity of mean annual temperature and mean annual precipitation between the LGM and the present; and 2) the maximum velocity of mean annual temperature and mean annual precipitation of 1000 yr time intervals from LGM to the present, i.e. maximum velocity of 21 time intervals. For the estimates of velocity between the LGM and the present, mean annual temperature and mean annual precipitation estimates at the LGM were obtained from the CCSM3 model, which we statistically downscaled to a 2.5 arc-minute resolution (Collins et al. 2006 , Otto-Bliesner et al. 2006 . Th en, for each study locality and at a 30 arc-second grid cell resolution, a temporal climate gradient was calculated as the average annual rate of change in mean annual temperature or mean annual precipitation since the LGM, and a measure of the spatial gradient was calculated as the slope of the current mean annual temperature or mean annual precipitation surface at all cells as obtained from the WorldClim 30 arc-second climate products (Hijmans et al. 2005) . Dividing the temporal gradient by the spatial gradient gives the climatechange velocity since the LGM (Fig. 1) . To calculate the maximum velocity of 1000 yr time intervals, 22 data layers of paleo-climate with a spatial resolution of 1 ° ϫ 1 ° were obtained from the Hadley Centre model, representing the projected paleo-climate at 1000 yr time intervals since 21 000 yr ago. Th e temperature and precipitation velocity of a grid cell was then calculated between every two time points (i.e. 21, 20, 19, … , 0 kya) by dividing the temporal gradients of climate by the spatial gradients, and the maximum values of velocity were identifi ed for each cell. Finally, as contemporary climatic predictors, we included mean annual temperature (MAT) and precipitation (MAP) estimates as extracted for each study locality by Tr ø jelsgaard and Olesen (2013) . For all analyses, velocities were Log 10 -transformed and contemporary mean annual precipitation was square-root transformed. and spatial fi lters were included (Table 1) . In both the global and the island models, temperature-change velocity related weakly and quadratically to modularity M, whereas for mainland networks temperature-change velocity was strongly negatively linearly related to modularity M (Table 1; Fig. 2 ). In all but the global SEVM partial regression model, temperaturechange velocity explained a substantial amount of the spatial variation in modularity M (0.15 Ͻ R 2 Ͻ 0.40; Table 1 ).
For nestedness NODF, temperature-change velocity between the LGM and the present was as important as software Spatial Analysis in Macroecology, SAM 4.0 (Rangel et al. 2010) .
Results
For modularity M, temperature-change velocity between the LGM and the present was more important than contemporary climate in all averaged models and was included in all MAMs except in the global SEVM model where only species richness Table 2 . Models containing temperature-change velocity between the LGM and the present, contemporary climate, species richness and insularity as predictors of nestedness in pollination networks. The standardized regression coeffi cients are reported for ordinary least squares (OLS) regression and spatial eigenvector mapping (SEVM) modelling, and reported for both an averaged model based on weighted w i and minimum adequate models (MAMs) (Diniz-Filho et al. 2008) . We also give AIC c , Moran ' s I, and coeffi cients of determination (R 2 ) from partial regression models separating the effect of temperature-change velocity from the effect of the other predictors (Rangel et al. 2010 ). R 2 total velocity describes total variation explained by velocity, and R 2 only velocity refl ects the unique variation explained by velocity. The analysis was conducted both for the global dataset (n ϭ 54), and separately for mainland (n ϭ 23) and island networks (n ϭ 31).
Global
Mainland LGM and the present, contemporary climate, species richness and insularity as predictors of modularity in pollination networks. The standardized regression coeffi cients are reported for ordinary least squares (OLS) regression and spatial eigenvector mapping (SEVM) modelling, and reported for both an averaged model based on weighted w i and minimum adequate models (MAMs) (Diniz-Filho et al. 2008) . We also give AIC c , Moran ' s I, and coeffi cients of determination (R 2 ) from partial regression models separating the effect of temperature-change velocity from the effect of the other predictors (Rangel et al. 2010 ). R 2 total velocity describes total variation explained by velocity, and R 2 only velocity refl ects the unique variation explained by velocity. The analysis was conducted both for the global dataset (n ϭ 54), and separately for mainland (n ϭ 23) and island networks (n ϭ 31).
Mainland 
05. † Two models were equally fi t (i.e. Δ AIC c Յ 2) containing the following variables: 1) velocity 2 , MAP, insularity; 2) velocity, velocity 2 , MAP, species richness, insularity. $ One other model had Δ AIC c Յ 2: velocity, spatial fi lter. £ One other model had Δ AIC c Յ 2: velocity, velocity 2 , MAT, species richness. ¶ Three other models had Δ AIC c Յ 2: 1) velocity, velocity 2 , MAT, species richness, spatial fi lter; 2) velocity 2 , MAP, species richness, spatial fi lter; 3) velocity 2 , species richness, spatial fi lter.
Figure 2. Linear relationship between Quaternary temperature-change velocity and modularity in pollination networks on the mainland. Each fi lled black symbol represents one mainland pollination network (n ϭ 23). To illustrate the global dataset, we also plotted island networks (n ϭ 31) as open symbols. Th e shown fi t is based on ordinary least squares (OLS) regression and a linear relationship between temperaturechange velocity and modularity in mainland pollination networks (R 2 ϭ 0.40, p Ͻ 0.05, n ϭ 23; Table 1 ). Th e depicted modular matrix versions of the networks have plant species in columns and pollinator species in rows and a fi lled cell signifi es an interaction between a given plant and pollinator species; links within modules are delimited in boxes and are color-coded, whereas black cells are links gluing modules together into one large coherent network. Th e example matrices illustrate how modularity on the mainland is aff ected by temperature-change velocity and contemporary precipitation: (a) low temperature-change velocity (0.11 m yr Ϫ 1 ) and low contemporary precipitation contemporary climate in all averaged models except in the models focusing on islands, where velocity was virtually unrelated to nestedness NODF (Table 2 ). In the global OLS MAM, temperature-change velocity related weakly and quadratically to nestedness NODF, whereas for mainland networks temperature-change velocity was positively linearly related to nestedness NODF (Table 2 ; Fig. 3 ). However, velocity was neither included in the global and mainland OLS partial regression models, did temperature-change velocity explain a significant amount of the spatial variation in nestedness NODF (0.08 Ͻ R 2 Ͻ 0.24; Table 2 ).
global nor the mainland SEVM MAMs, which only contained species richness and spatial filters. Temperaturechange velocity was also not included in OLS and SEVM MAMs focusing on islands. Hence, only in the Figure 3 . Linear relationship between Quaternary temperature-change velocity and nestedness in pollination networks on the mainland. Each fi lled black symbol represents one mainland pollination network (n ϭ 23). To illustrate the global dataset, we also plotted island networks (n ϭ 31) as open symbols. Th e shown fi t is based on ordinary least squares (OLS) regression and a linear relationship between temperature-change velocity and nestedness in mainland pollination networks (R 2 ϭ 0.24, p Ͻ 0.05, n ϭ 23; Table 2 ). Th e depicted networks are the nested matrix versions of the same networks as in Fig. 2 . Th ey have plant species in columns and pollinator species in rows and a fi lled colored or black cell signifi es an interaction between a given plant and pollinator species; species are sorted from upper left corner according to decreasing number of links. Th e example matrices illustrate how nestedness on the mainland is aff ected by temperaturechange velocity, contemporary precipitation and species richness: (a) low temperature-change velocity ( Notice that nestedness is less associated with Quaternary temperature-change velocity than modularity is (Fig. 2) . similar ' pollination syndrome ' . Th is may result from either phenological shifts or range-size dynamics associated with climate-change between the LGM and the present (Price 2003 , Memmott et al. 2007 , Ara ú jo et al. 2008 , Tylianakis et al. 2008 , Devoto et al. 2009 , Amano et al. 2010 , Nogu é sBravo et al. 2010 , Sandel et al. 2011 , possibly increasing the proportion of super-generalist ' network hub ' or ' connector ' species gluing the network together and blurring the borders between modules (Fig. 2 ) while increasing nestedness (Fig. 3) . Th e apparent disagreement with the study by Schleuning et al. (2012) , showing no trends in specifi city in relation to historical climate-change, could be explained by a higher between-module generalization level coupled with a higher within-module specifi city in areas having experienced large historical climate-change. Th is may be the case if in climatically unstable areas, within-module specialists have specialized further within their module, for instance, caused by local extinction of co-evolutionary partners. In contrast, in climatically stable areas, species may show higher betweenmodule specifi city while generalizing within their historically stable co-evolved module.
Depending on the nature of interaction, the modular and nested network structures may either decrease or increase community stability (Th é bault and Fontaine 2010, Tylianakis et al. 2010, Stouff er and Bascompte 2011) . Specifi cally for pollination and other mutualistic networks, however, studies show that high modularity reduces community persistence (Th é bault and Fontaine 2010), for instance, by decreasing functional redundancy of species and thereby increasing the likelihood of secondary extinctions (Tylianakis et al. 2010) , while nestedness increases the resilience of the network (Th é bault and Fontaine 2010). If indeed modularity decreases community persistence and nestedness increases resilience in pollination networks, the fi nding that pollination networks in climatically unstable North America and low-laying part of northern Europe have a low level of modularity and often relatively high level of nestedness (Fig. 1) , corroborates suggestions that those communities that have experienced the greatest historical climate-change today are rich in widespread species resistant to future climate-change (Sandel et al. 2011) . In light of the current anthropogenic climate-change and the global decline of pollinators and possible interlinked plant declines (Biesmeijer et al. 2006 , Devoto et al. 2009 ), more research is clearly needed to address in detail the processes beneath the relationship between historical climate-change, modularity, nestedness and stability of pollination networks. For instance, future research should quantify to what extent eff ects of climate-change on modularity and nestedness arise from an eff ect of climate-change on species distribution independently of their interaction pattern, or directly infl uence the interaction pattern of species and subsequently modularity and nestedness.
Beyond pollination networks there is also an urgent need to understand the impact of climate-change on species interactions more generally and thereby on the assembly and functioning of biotic communities (Ings et al. 2009 ). Integration of network analysis and macroecology provides a powerful, but as yet under-explored tool for such assessments (Ara ú jo et al. , Ings et al. 2009 , Dalsgaard et al. 2011 , Carstensen et al. 2012 , Th é bault 2013, Tr ø jelsgaard and Olesen 2013). We hope that our contribution will For both modularity M and nestedness NODF, spatial autocorrelation was weak and Moran's I values were nonsignifi cant in all but the global OLS model for modularity, hence, we in the discussion focus mainly on the results from OLS models (Table 1 -2) . Precipitation-change velocity between the LGM and the present was virtually unrelated to modularity M (0.00 Ͻ R 2 Ͻ 0.04; Supplementary material Appendix 1, Table A1 ) and to nestedness NODF (0.00 Ͻ R 2 Ͻ 0.01; Supplementary material Appendix 1, Table A4 ). We obtained qualitatively similar results when summarizing historical climate-change as the maximum velocity of 1000 yr time intervals (Supplementary material Appendix 1, Table A2 -A3 and Table A5 -A6) .
Discussion
We have shown that high velocity of Quaternary climatechange is associated with reduced modularity and, to some extent, increased nestedness in pollination networks (Table 1 -2; Fig. 2 -3 ). Th is is especially evident within a mainland setting, for instance, when comparing the modularity and nestedness of pollination networks within climatically unstable North America with the modularity and nestedness of pollination networks in climatically more stable South America (Fig. 1) . On islands Quaternary climate-change had weak eff ects on modularity and no eff ects on nestedness. Th is holds after incorporating contemporary climate, which in mainland pollination networks shows a weaker link to modularity and nestedness than historical climate-change, and species richness (Table 1 -2), and is unrelated to sampling extent and eff ort (Methods; Tr ø jelsgaard and Olesen 2013). Also, although there was no eff ect of Quaternary climatechange on nestedness in SEVM models, while negative eff ects of high Quaternary climate-change on modularity were weaker in SEVM models they were still signifi cant in both the mainland and on islands (Table 1 -2). In planthummingbird interaction networks, specifi city, measured as the degree of interspecifi c niche partitioning, has previously been shown to decrease in areas having experienced large historical climate-change, for example, specifi city is particularly low in North American plant -hummingbird networks (Dalsgaard et al. 2011) . A recent meta-analysis reports that specifi city in pollination networks as a whole is not associated with historical climate-change but more with modern plant species richness (Schleuning et al. 2012) . At least for mainland networks, the current study illustrates that the separation of interacting species into distinct modules tends to be less clear-cut in areas having experienced large historical climate-change (Fig. 2) . Modules of pollination networks may refl ect subgroups of species specializing upon each other and having somewhat similar traits, i.e. possibly refl ecting ' pollination syndromes ' (Olesen et al. 2007 , Danieli-Silva et al. 2012 , Mart í n Gonz á lez et al. 2012), such as trait convergence between large-sized hummingbirds and their fl oral plants or bees and their fl oral plants (Olesen et al. 2007 , Ollerton et al. 2009 , Dalsgaard et al. 2012 , DanieliSilva et al. 2012 . Our results therefore suggest that large historical climate fl uctuations have increased nestedness and partially broken down the otherwise distinct separation into modules of plants and their animal pollinators with stimulate studies of how historical climate fl uctuations may aff ect network structure in a wide range of systems important for the maintenance of biodiversity; for instance, testing to what extent our results from pollination networks may be generalised to networks of seed dispersal, predation, parasitism, and to entire food-webs.
